A~t~ct-~en~tion-de~ndent growth phenomena have been observed for liquid-phase epitaxial In,_Fa,As and other ternary and quatemary III-V semiconductors. The data cannot be explained by existing regular solution phase equilibria models. In this study we have used the quasi-regular solution formulation to derive a model which al= considers equilibrium between the growing surface and the bulk solid under it. Orientation-dependent parameters characterizing the growing surface in the (100) and (11 I) directions have been included. The model is demonstrated for growth of In,_XGa,As at 650 and 62 1 "C. Excellent agreement is obtained with data for growth of the ternary on ( 1ll)B InP substrates, whereas some adjustment of the parameters are necessary to obtain similar agreement in case of growth on (100).oriented substrates.
INTRODUCTION
The ternary alloy Ino.5XGao.47As lattice-matched to InP is an important semiconductor for use in the fabrication of long-wavelength optoelectronic devices. High-quality epitaxial layers of this material, suitable for the fabrication of optical sources and detectors, are being fabricated by liquid-phase epitaxy (LPE). Several anomalous features have been observed in the LPE growth of the ternary semiconductor and, in general, for the growth of the quatemary Inl_fiaXAs,P_y alloys lattic~matched to InP. Many authors have recently reported that the distribution coefficient, growth rate and surface morphology of the epitaxial layers of the alloys are strongly dependent on the substrate orientation. This is the result of different solid com~sitions being in equilib~um with the same liquid composition for (100) and ( l 1 1 )B substrate orientations. The importance of strain energy in the phase equilibria of In,_,Ga,As/ InP and other important ternary and quaternary alloy semiconductors has been recently demonstrated by us [l], de Cremoux [2] and Quillec et al. [3] . With the inclusion of a lattice strain energy term in the Jordan-Ilegems-Pan&h regular solution model [4] , we were able to obtain an excellent agreement with the experimental solidus isotherm of In,_XGaXAs for growth on (lOO)-oriented InP substrates. The orientation-dependent strain coefficient for the (111) direction included in the model is not adequate to explain the measured solidus isotherm for growth of t This work was done while the authors were at the Department of Electrical Engineering, Oregon State University, Corvallis, Oregon 9733 1, U.S.A.
In,_Ga,As on (1ll)B InP substrates. This is comprehensible, since this orientation dependence exists even at the lattice-matching composition, whereas the role of strain energy is dependent on the degree of lattice mismatch.
In this study we wish to present a phase equilibria model for the LPE growth of In,_,Ga,As. It is demonstrated that the solidus isotherm of Ir&Fa,As grown on (111) InP, in close agreement with the measured one, can be calculated.
THEORY
An examination of the arrangement of atoms in different crystal planes will sugest that properties of the crystal surfaces are strongly dependent on the crystallographic orientation. Therefore, any model aimed at explaining o~en~tion~e~ndent isotherms should take into account surface excess thermodynamic quantities as a function of coordination numhers, number of bonds and bond energies which can distinguish between the different orientations. We have considered the equilibria between various phases as follows: (a) the (liquid) melt is in equilibrium with a (solid) surface phase; (b) the surface phase is in equilibrium with the solid (bulk) phase. In effect, the orientation dependence will be taken into account in the surface energies and coordination numbers of surface atoms. A model for a ternary alloy system is being developed here.
It is being assumed that the experimentally observed solid composition corresponds to the composition of the solid surface in equilibrium with the bulk. Previously reported solidus data obtained theoretically correspond to the bulk in equilibrium with the liquid where the effect of the surface phase has been neglected. The continued existence of a surface phase after initiation of epitaxial growth is being assumed in this model and needs explanation. When a multicomponent liquid-solid system is in equilibrium, the free-energy change associated with the transfer of material from one phase to the other is zero. If the equilibrium solid phase is replaced by another similar phase, consisting of the same components, but in different propo~ions, the equilib~um is disturbed and the free-energy change is not zero. This provides the driving force for attaining a new equilibrium. Equilib~um is attained by solid-state diffusion, and hence this sutiace phase is also termed a diffusion layer. It has been shown that this diffusion layer can be strained if the lattice constant of the growing solid solution markedly differs from that of the substrate. This may be true for In,_,Ga,As/InP growth. It is also necessary to assume a few monolayers in the surface phase to ensure its thermodynamic continuity with the bulk phase.
The atom to each adjacent plane of atoms to the total Using eqns (3) and (4) in eqns (1) and (2), we obtain number of first nearest neighbors. A representation relations of this scheme is shown in Fig. 1 . A broken bond model of the melt-solid interface is shown. More
exactly, the lateral and vertical bonds of the surface layer are perturbed by the interfacial discontinuity. 
where the symbols have the same meaning as in Ref. [4] . Combining eqn (12) of Ref. [4] and eqns (4) and (7) (9) which is similar to eqn (6) derived above for surfacebulk equilibria. If the effect of the surface phase is neglected in these equations by substituting jPurf = Ir bu'k and letting the surface energies reduce to zero, the familiar solid-liquid equilibrium equation of Ref.
[4] is obtained.
We have solved eqn (6) for x' after including the effect of strain in the bulk solid 
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The model used in this study can be extended to other ternary and quaternary systems, where similar orientation dependence has been observed. 
